Mandibular development is regulated by an interplay between a specified branchial arch ectoderm and a plastic mesenchyme. Moreover, signaling from the pharyngeal endoderm has been shown to be important for mandibular morphogenesis. To gain insight into the mechanisms regulating mandibular pattern, it is important to investigate the function of the epithelial-derived signals. Bmp4 is expressed in both distal, mandibular arch ectoderm and pharyngeal endoderm. Here, we show that deletion of Bmp4 in the mandibular ectoderm and to a lesser extent in the pharyngeal endoderm, resulted in severe defects in mandibular development. Furthermore, our data uncovered different Bmp4 thresholds for expression of the Bmp-dependent Msx1 and Msx2 genes in mandibular mesenchyme. We also found that ectodermal Fgf8 expression was both activated and repressed by Bmp4 in a dosage-dependent fashion indicating a novel Bmp4 function in threshold-specific regulation of Fgf8 transcription. Lastly, we provide evidence that Prx homeobox genes repress expression of an Msx2 transgene, previously shown to be Bmp4-responsive, revealing a mechanism for differential regulation of Msx1 and Msx2 by Bmp signaling. D
Introduction
An understanding of the mechanisms regulating pattern formation in development is a fundamental goal in developmental biology. The proximo -distal axis of the vertebrate mandibular process can be readily identified by the pattern of dentition, making it a valuable system to study craniofacial patterning. The cranial neural crest (CNC) is a cell population that originates in the dorsal neural tube and migrates into the branchial arches (Le Douarin and Kalchiem, 1999) . Signaling interactions between the ectoderm of the branchial arches and the post-migratory CNC are critical for subsequent organogenesis of mandibular process derivatives such as teeth, Meckel's cartilage, and mandibular bone.
It is known that the patterning information for the mandibular arch initially resides primarily in ectoderm (Mina et al., 2002; Tucker and Sharpe, 2004) . Recombination expezriments showed that oral ectoderm instructs dental patterning at early stages of mandibular morphogenesis (Mina and Kollar, 1987) . Furthermore, quail chick chimera experiments revealed that Hox-negative neural crest has considerable plasticity supporting the important role of the ectoderm in craniofacial patterning. In these experiments, ablation of large areas of anterior neural fold was rescued with transplants of limited regions of anterior neural fold. The conclusion from these experiments was that the anterior, Hox-negative CNC has the capacity to regenerate the entire craniofacial skeleton (Creuzet et al., 2002; Le Douarin et al., 2004) .
As development progresses, the instructive information regulating mandibular patterning shifts from the mandibular ectoderm to mesenchyme (Tucker and Sharpe, 2004 transfer of patterning information involves an antagonistic interaction between a distal ectodermal Bmp-signal and Fgf8, in proximal ectoderm. The ectodermal signals instruct the regionalized expression of mesenchymal transcription factors that regulate promixo -distal tooth patterning (Neubuser et al., 1997; Tucker and Sharpe, 2004; Tucker et al., 1998) . The localized expression of transcriptional regulators, such as Barx1 and Msx1, is thought to stabilize cell fate choices within the mandibular mesenchyme resulting in a correctly patterned mandible.
An important function for pharyngeal endoderm in craniofacial skeletal development was also uncovered by recent studies (Creuzet et al., 2002; Le Douarin et al., 2004; Veitch et al., 1999) . There is strong genetic evidence showing that the pharyngeal endoderm is important for patterning the branchial arch skeleton. For example, in the zebrafish mutant Casanova, that has endoderm defects, branchial arch cartilages are defective (Alexander et al., 1999; Kikuchi et al., 2001) . Moreover, Fgf signaling from the pharyngeal endoderm is important for craniofacial skeletogenesis (Crump et al., 2004) .
Taken together, these studies lead to the conclusion that instructive patterning information is found in the ectoderm. Moreover, signaling from the pharyngeal endoderm also likely works together with the ectoderm to regulate craniofacial skeletal development. One exception to this conclusion is the evidence that the shape of the beak is initially regulated by the cranial neural crest uncovering a limited patterning role for the CNC (Schneider and Helms, 2003) . Nonetheless, because of the important role of ectoderm and endoderm in craniofacial patterning, it is important to directly investigate the function of signaling molecules expressed in these epithelia. Consistent with this notion, recent experiments have addressed the question of when the craniofacial ectoderm becomes regionalized. Fate mapping experiments revealed that the proximal and distal mandibular ectoderm is specified at pre-branchial arch stages (Haworth et al., 2004) .
In this work, we investigated the function of Bmp4 in mandibular development. Bmp4 is a member of the Bone morphogenetic protein-subclass of TGFh signaling molecules and is expressed in the distal mandibular arch ectoderm and ventral pharyngeal endoderm at 9.5 dpc and 10.5 dpc (Hogan, 1996; Liu et al., 2004; Neubuser et al., 1997; Tucker et al., 1998, and Figs. 1A, B) . The early lethality of the germline Bmp4 null allele has previously hampered a direct analysis of Bmp4 function in mandibular process development (Winnier et al., 1995) . We used a conditional null allele of Bmp4 and the Nkx2.5 cre allele to inactivate Bmp4 in the mandibular ectoderm and pharyngeal endoderm. In the Bmp4 mutant embryos, mandibular development arrested at early stages resulting in near complete loss of the mandible. We show that Msx1 and Msx2, known Bmp target genes, had distinct Bmp4 dosage requirement in the forming mandible. In addition to dosage-dependent regulation of Msx genes, we also found that high Bmp4 levels repress Fgf8 while low signaling levels promote Fgf8 transcription, revealing a novel function for Bmp4 in threshold-specific regulation of Fgf8 transcription. Lastly, we provide evidence that Prx homeobox genes function to negatively regulate expression of Msx2 providing a mechanism for the high doses of Bmp required for induction of Msx2 transcription.
Materials and methods

Whole mount in situ hybridization
Whole mount and section in situ hybridization was performed as previously described (Lu et al., 1999b) . Details about probes will be provided upon request. For all in situ experiments, at least 3 mutants and 3 control embryos were analyzed.
LacZ staining and histology
For histology, embryos were fixed overnight in Bouin's fixative or buffered formalin, dehydrated through graded ethanol and embedded in paraffin. Sections were cut at 7-10 Am and stained with H&E. Staining for LacZ was as previously described (Lu et al., 1999b) .
Mouse alleles
The Bmp4 floxneo and Bmp4 null alleles have been previously described . The Bmp4
LacZ allele, a Bmp4 null allele, has also been described (Lawson et al., 1999) . For genotyping, DNA was extracted from yolk sacks or tails of embryos and adult mice, respectively. PCR was used to determine the genotype of the Bmp4 null allele with the primers (5V-3V) GCTAAGTTTTGCTGGTTTGC located in the intron upstream of exon 4 and (5V-3V) AAGTGCCT-GAACTGGCTTTTGGATGTGTGC located in the neomycin cassette. The amplified product is 500 bp. The Msx2lacZ transgene and the Prx1 and Prx2 mutant alleles have been previously described (Brugger et al., 2004; Lu et al., 1999a) . The Nkx2.5 cre allele has been described (Moses et al., 2001 ).
Skeletal preparations
Embryos or newborns were placed in water for 1 h and scalded in boiling water for 1 min. The skin was removed and internal organs were eviscerated. Embryos were fixed in 95% ethanol overnight, then stained overnight for cartilage with 0.15 mg/ml of Alcian Blue (Sigma) in 1:4 mixture of glacial acetic acid and 95% ethanol. Bone was stained with 0.05 mg/ml Alizerin Red (Sigma) in 2% Potassium Hydroxide for 2 -4 h and cleared in glycerol.
Apoptosis assays
Embryos were dissected and fixed in 4% paraformaldehyde, dehydrated in graded ethanol, and embedded in paraffin. TUNEL analysis was performed according to the manufacturer's protocol (Serologicals Corporation).
Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde, deparaffinized, and rehydrated according to standard protocols. Sections were blocked for 15 min at room temperature (10 ml H 2 O 2 in 190 ml buffer: 10 l H 2 O, 83.2 g citric acid, 215.2 g dissodium-hydrogen-phosphate-2-hydrate, 20 g Sodium Azide). Antigen retrieval was performed by boiling for 20 min in Tris/EDTA pH 9 followed by cooling for 1 h. The primary antibody (anti-P-Smad1/5/8, Cell Signaling) was incubated overnight followed by washing with PBS. For visualization, the Powervision Poly-HRT-conjugate kit (Immunovision Technologies) with DAB was used.
Bead implantation in mandibular explants
Dissected mandibles were cultured in transwell membranes (Corning Costar Transwell dishes) in DMEM in a 37-C, 5% CO 2 incubator until ready to implant beads. Recombinant human BMP4 protein (R&D Systems) was diluted in 0.1% BSA in PBS to a final concentration of 100 ng/Al and incubated with Affigel Blue resin (BioRad) at 37-C for 30 min. Control beads were incubated in 0.1% BSA/PBS solution. Beads were implanted on the mandible explant and incubated overnight. The following day, explants were washed with cold PBS and fixed in 4% paraformaldehyde for 20 min.
Results
Inactivation of Bmp4 in distal mandibular ectoderm and pharyngeal endoderm
Bmp4 is expressed in the distal aspect of the mandibular process ectoderm at 9.5 and 10.5 dpc (Figs. 1A, B and not shown). At these time points, Bmp4 is also expressed in the ventral pharyngeal endoderm . At later stages, Bmp4 is expressed in the mandibular mesenchyme cre ; R26R compound embryos stained for lacZ to detect cre activity at 7.5 dpc (C) showing cre activity in cardiac precursors (white arrow) but not in head ectoderm (black arrow). (D) Parasagittal section of 9.5 dpc Nkx2.5 cre ; R26R compound embryo. Ectoderm cre activity is denoted by the arrow and ventral pharyngeal endoderm by the arrowhead. (E) Coronal sections of 12.0 dpc embryos, showing cre activity in the oral and dental epithelium of forming mandible as denoted by the arrows. (F -I) In situ analysis with Bmp4 exon4 probe at 9.5 dpc (F, G) and 10.5 dpc (H, I), showing the absence of Bmp4 exon 4 in the distal mandible (arrows). Signal is still detected in the maxillary ectoderm (arrowhead in I). (J) P-Smad 1/5/8 immunohistochemistry on coronal section through a 9.5 dpc mandibular process. Arrow denotes the distal mandibular ectoderm. Dotted line refers to the plane of section for panels K and L. (K, L) P-Smad1/5/8 on parasagittal sections through wild-type and mutant mandibles. Arrows denote the mandibular ectoderm and arrowheads the maxillary ectoderm. (M, N) Whole mount in situ with a Bmp7 probe. Arrow denotes hybridization signal. Genotypes and stages are shown. hf, head fold; ht, heart; md, mandibular process; ps, palatal shelf; t, tongue. and developing teeth Chen et al., 1996; Lee et al., 2001) . To directly investigate Bmp4 function in distal mandibular arch ectoderm and pharyngeal endoderm, we constructed a Bmp4 conditional null allele, the Bmp4 floxneo allele. The Bmp4 floxneo allele contained LoxP sites surrounding exon 4 that encodes the mature Bmp4 peptide. Deletion of exon 4 is predicted to result in a Bmp4 null allele . The Nkx2.5 cre knock-in allele directs high levels of cre activity to the early mandibular arch ectoderm, dental epithelium, and ventral pharyngeal endoderm but not head ectoderm at pre-branchial arch stages (Figs. 1C -E, and Liu et al., 2004; Moses et al., 2001) .
To determine the extent of the Bmp4 mandibular ectoderm and pharyngeal endoderm deletion, we performed whole mount analysis with the Bmp4 exon 4 probe that is deleted in the Nkx2.5 cre ; Bmp4 null/floxneo(n/f) mutant embryos and immunostaining with an antibody that recognizes phospho-Smad 1/5/8 (P-Smad 1/5/8). Smad proteins are downstream effectors of Tgfh signaling pathways (Shi and Massague, 2003) . We performed immunohistochemistry with an antibody that recognizes phospho-Smad 1/5/8 (P-Smad 1/5/8), the receptor-regulated Bmp-responsive Smads. Receptor-regulated Smads are phosphorylated by a ligated receptor complex, interact with the common Smad4, and translocate to the nucleus. Thus, P-Smad 1/5/8 immunoreactivity is an indication that a cell is actively receiving a Bmp signal.
In the pharyngeal endoderm, we had previously found that expression of Bmp4 exon 4 was only reduced in the ventral pharyngeal endoderm of Nkx2.5 cre ; Bmp4 n/f mutant embryos . Consistent with this observation, P-Smad 1/5/8 immunostaining revealed that there was near wild-type levels of P-Smad 1/5/8 in the pharyngeal endoderm and surrounding mesenchyme of Nkx2.5 cre ; Bmp4 n/f mutants (data not shown; n = 4). However, because we previously detected a slight elevation of apoptosis in the pharyngeal endoderm of Nkx2.5 cre ; Bmp4 n/f mutants , we believe that the reduction of Bmp4 function in the endoderm of Nkx2.5 cre ; Bmp4 n/f mutants is physiologically significant but cannot be detected by the P-Smad 1/5/8 immunostaining protocol that we have used here.
Expression of Bmp4 exon 4 was readily detectable in the wild-type mandibular ectoderm at 9.5 and 10.5 dpc but was not detected in the mandibular ectoderm of 9.5 and 10.5 dpc Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 1F -I). Bmp4 exon 4 was still robustly expressed in the maxillary process of the Nkx2.5 cre ; Bmp4 n/f mutants since the Nkx2.5 cre allele does not direct cre activity in the maxillary process (Fig. 1I) .
In wild-type 9.5 dpc embryos, P-Smad 1/5/8 reactivity was detected at highest levels in the ectoderm and mesenchyme of the distal mandible (Fig. 1J ). This reveals that cells in the mandibular mesenchyme and ectoderm are actively responding to Bmp signaling. Medial parasagittal sections, through the region of highest Smad activity, in control 9.5 dpc mandibles revealed nuclear localized P-Smad 1/5/8 in mesenchyme and ectoderm (Fig. 1K) . In the Nkx2.5 cre ; Bmp4 n/f mutant embryos, P-Smad 1/5/8 immunostaining was greatly reduced or absent in the distal mandibular ectoderm and mesenchyme (Fig. 1L) . We noted that signal was still detected in the maxillary ectoderm of the Nkx2.5 cre ; Bmp4 n/f mutant consistent with the failure of the Nkx2.5 cre allele to direct cre in the maxilla (Figs. 1K,  L) . We noted residual, low-level immunostaining in the mutant mandibular mesenchyme, indicating that other Bmp signals, such as Bmp7 were still present in the Nkx2.5 cre ; Bmp4 n/f mutant mandible (Fig. 1L) . Consistent with this notion, Bmp7 was still expressed in the mandibular ectoderm of Nkx2.5 cre ; Bmp4 n/f mutants (Figs. 1M, N) . Taken together, these results indicate that the Nkx2.5 cre ; Bmp4 n/f mutant embryos have loss of Bmp4 in mandibular ectoderm and reduction in pharyngeal endoderm by 9.5 dpc. The P-Smad 1/5/8 immunostaining data also reveal that other Bmp signals, such as Bmp7, function in the developing mandible.
Bmp4 mutants have severe defects in mandibular morphogenesis
The Nkx2.5 cre ; Bmp4 n/f mutant embryos had severe defects in mandibular outgrowth. By 16.5 dpc, the mandible was readily observed in wild-type embryos, while in the Nkx2.5 cre ; Bmp4 n/f mutant fetuses, the mandible was greatly reduced (Figs. 2A, B) . Skeletal preparations revealed two classes of Nkx2.5 cre ; Bmp4 n/f mutant phenotypes. In the more severe, Class 1 mutants, the majority of the mandible was absent with a small remnant of uncertain identity located near the base of the skull (Figs. 2C, D, J) and a remnant of fused proximal elements at the temporomandibular joint (Figs. 2C -H ). Other skull defects in the Class 1 fetuses included a reduced tympanic ring that was shifted toward the midline, a gonial and Meckel's cartilage that were fused across the midline (Figs. 2G, H and not shown). The external process of the squamosal was malformed in the Bmp4 mutant (Figs. 2E, F) .
In the less severe Class 2 mutants, the proximal mandible was formed but distally truncated with no evidence of incisor tooth formation (Figs. 2I -K, see below). From these data, we conclude that Bmp4, although not the sole functioning Bmp ligand in the distal mandible, provides a critical signal for mandibular morphogenesis.
To gain insight into the defective mandibular morphogenesis in the Bmp4 mutant embryos, we investigated apoptosis in the mandibles of Nkx2.5 cre ; Bmp4 n/f mutant embryos using TUNEL analysis. In Nkx2.5 cre ; Bmp4 n/f mutant embryos, we found that apoptosis in the proximal mandibular mesenchyme was upregulated at 9.5 dpc in Bmp4 mutant embryos (Figs. 2L, M). We conclude that the loss of mandibular process outgrowth and morphogenesis in Nkx2.5 cre ; Bmp4 n/f mutants was due to expanded cell death in mandibular mesenchyme. Furthermore, the elevated apoptosis in the proximal mandible suggests a defect in signaling from the pharyngeal endoderm. It should be noted that defects in cell proliferation may also contribute to the Nkx2.5 cre ; Bmp4 n/f mutant mandibular phenotype although more experiments will be needed to test this notion. Taken together, these results indicate that the strong Class 1 mutant phenotype results from Bmp4 deficiency in both the mandibular ectoderm and the pharyngeal endoderm while the weak phenotype is due to Bmp4 deficiency in the mandibular ectoderm.
Proximo -distal pattern initiates correctly in the mandibular ectoderm of Nkx2.5 cre ; Bmp4 n/f mutant embryos
We used a Bmp4 LacZ knock-in allele, that is also a null allele of Bmp4, to follow the fate of Bmp4-expressing cells in Bmp4-deficient distal ectoderm (Lawson et al., 1999) . At 9.5 dpc, both Bmp4
LacZ +/À and Nkx2.5 cre ; Bmp4
LacZ/f mutant embryos expressed LacZ in the distal mandibular ectoderm, revealing that distal ectoderm had been correctly specified in the Bmp4 mutant embryos (Figs. 3A, B) . We also found that Fgf8 was correctly expressed in the proximal ectoderm in wild-type and mutant embryos at 9.0 dpc (Figs.  3C, D) . Another oral ectoderm marker, Pitx2, was correctly expressed in the Nkx2.5 cre ; Bmp4 n/f mutant 10.5 dpc embryos (Figs. 3E -H) . However, at 10.5 dpc, Bmp4 LacZ expression in the Bmp4 mutant embryos was reduced (Figs. 3I, J). We conclude that the oral ectoderm is correctly specified at 9.5 dpc in Nkx2.5 cre ; Bmp4 n/f mutants, and by 10.5 dpc, molecular defects are detectable.
Bmp4-dependent gene expression in the ectoderm of the mandibular process Mandibular organ culture experiments suggested the existence of an autoregulatory feedback loop involving Bmp4 and the Islet1 (Isl1) LIM homeobox gene, that is also expressed in the distal mandibular ectoderm (Mitsiadis et al., 2003) . Reduction of Isl1 by electroporation of morpholinos resulted in loss of Bmp4 expression. In addition, overexpression of Noggin resulted in loss of Isl1 expression supporting the notion of a Bmp4 -Isl1 positive feedback loop. In the Nkx2.5 cre ; Bmp4 n/f mutant embryos, Isl1 expression was reduced at 9.5 and absent by 10.5 dpc (Figs. 4A -D) . These results indicate that Bmp4 is required for maintenance of Isl1 expression in the mandibular ectoderm.
The Tlx1 homeobox gene is expressed in the distal mandibular ectoderm, although bead implantation experiments showed that Tlx1 expression was not induced by Bmp4-soaked beads (Tucker et al., 1998) . At 10.5 dpc, Tlx1 expression in the distal mandibular ectoderm was absent in the Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 4E, F) . These data indicate that Bmp4 is necessary but not sufficient for Tlx1 expression.
Bead implantation experiments on mandibular organ explants suggested that expression of a Dlx2 transgene was regulated by Fgf8 and Bmp4 signaling (Thomas et al., 2000) . In Nkx2.5 cre ; Bmp4 n/f mutant embryos, ectodermal Dlx2 expression was lost while mesenchymal expression was distally extended, indicating that Bmp4 was necessary for Dlx2 ectodermal expression and restriction of Dlx2 mesenchymal expression (Figs. 4G -J and see below). Taken together, these data indicate that Bmp4 is necessary for the expression of Dlx2, Tlx1, and Isl1 in the mandibular ectoderm.
Different requirements of mesenchymal Bmp target genes for Bmp4
Previous work using bead implantation studies revealed that Bmp4 was sufficient to induce expression of Msx1 and Msx2 in dental mesenchyme Vainio et al., 1993) . In order to determine if Bmp4 was necessary for induction of these genes in the early mandibular mesen- chyme, we examined Msx1, Msx2, and Bmp4
LacZ expression in the mandibles of Bmp4 mutant embryos. At 9.5 dpc, we found that Msx2 was expressed in the distal mandible of wild-type embryos, but in Nkx2.5 cre ; Bmp4 n/f mutants, no expression of Msx2 was detected (Figs. 5A, B) . In contrast to Msx2, the expression of Msx1, normally found in the distal mandibular mesenchyme, was reduced but continued to be expressed in the most distal, caudal aspect of the mandible (Figs. 5C -F) . The Alx4 homeobox gene has recently been proposed to be a target of Bmp signaling (Rice et al., 2003; Selever et al., 2004) . Alx4, normally expressed in distal mesenchyme, was absent in the Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 5G, H) . Bmp4 has been shown to induce its own expression in dental mesenchyme (Vainio et al., 1993) . In 12.5 dpc Bmp4
LacZ +/À embryos, LacZ was detected broadly in the mandibular mesenchyme. However, in the Bmp4 mutant embryos, only a small group of cells in the distal mandible was LacZ positive (Figs. 5I, J) . Since the Nkx2.5 cre ; Bmp4 n/f mutants have an intact Bmp4 flox allele in the mandibular mesenchyme, expression of LacZ reveals that the mutant mandibular mesenchyme expresses low levels of Bmp4. Taken together, these data indicate that other Bmps cooperate with Bmp4 to induce Bmp4 in the mandibular mesenchyme. Furthermore, our findings show that Msx1 requires low levels of Bmp signaling while Msx2 and Alx4 require higher levels of Bmp signaling.
A dual function for Bmp4 in regulation of Fgf8 expression
We next investigated expression of Fgf8, normally expressed in proximal mandibular ectoderm, in Nkx2.5 cre ; Bmp4 n/f mutant embryos. It is known that Bmp4 can antagonize Fgf8 signaling and can also repress Fgf8 expression (Tucker and Sharpe, 2004) . Based on these earlier observations, we predicted that Fgf8 expression would be expanded into the distal mandibular ectoderm. At 10.5 dpc, Fgf8 was expressed in proximal mandibular ectoderm of wild-type embryos, but in Nkx2.5 cre ; Bmp4 n/f mutant embryos, Fgf8 was only expressed in distal ectoderm (Fig. 6A, B) . Unexpectedly, Fgf8 expression in the proximal mandibular ectoderm was lost in the Bmp4 mutant embryos, revealing that Bmp4 has a role in maintaining Fgf8 transcription in the proximal mandible. We next examined expression of Fgf8 target genes. Barx1, normally expressed in proximal mesenchyme, was found in distal mesenchyme of all Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 6C, D) . In addition, Pitx1 and Lhx6, normally expressed in proximal mesenchyme, were expressed in distal mesenchyme of Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 6E -J) . Notably, in some Nkx2.5 cre ; Bmp4 n/f mutant embryos, reversion from proximal to distal Pitx1and Lhx6 expression was incomplete most likely as a result of the early Fgf8 expression in the proximal mandible (Figs. 3C, D) . This suggests that Pitx1 and Lhx6 require only low levels of Fgf8 for their expression. In contrast, Barx1 expression was always restricted to distal mandible near the highest levels of Fgf8 signaling. Taken together, these data indicate that Bmp4 has a role in repressing Fgf8 transcription distally, as has been previously shown (Stottmann et al., 2001 ). However, our data uncover the novel function for Bmp4 in maintenance of Fgf8 expression in the proximal mandibular ectoderm.
Prx genes negatively regulate Msx2 expression in the caudal distal mandible
The data presented above suggest that induction of Msx2 requires higher doses of Bmp signaling in comparison to Msx1. One model to explain this observation would be that there are repressors that bind to the Msx2 enhancer sequences that must be dismissed prior to activation of Msx2 by Bmp signaling pathways. A Bmp-responsive element (Bmpre) in the Msx2 gene has recently been characterized (Brugger et al., 2004) . A 52-bp core sequence, that was responsive to Bmp signaling, was identified that contained two Smad binding sites in proximity to a homeodomain recognition element. Both the Smad and homeodomain sites were required for correct expression of the Msx2 transgenes. The Prx1 and Prx2 homeobox genes are expressed in the branchial arch mesenchyme and have been shown to perform critical and overlapping functions in mandibular development (Lu et al., 1999a; Martin et al., 1995) . Mice with a loss of function mutation in Prx1 had severe defects in mandibular morphogenesis while loss of Prx2 did not result in a discernable phenotype. Analysis of double mutant embryos revealed that Prx2 does partially compensate for Prx1 in mandibular development (Lu et al., 1999a; ten Berge et al., 2001) . In other contexts, Prx1 has been shown to be a transcriptional repressor (Cserjesi et al., 1994; Kataoka et al., 2001; Norris and Kern, 2001 ). Since it had been shown that Prx1 was capable of binding to the homeodomain element in the Msx2 52-bp core element, we tested the notion that the Prx genes inhibit activation of Msx2 in mandibular mesenchyme (Brugger et al., 2004) .
A prediction of the Prx-repression model would be that Prx genes should still be expressed in the mandibular mesenchyme of Nkx2.5 cre ; Bmp4 n/f mutant embryos. At 9.5 dpc, we found that Prx1 continued to be expressed in the distal mandible of Nkx2.5 cre ; Bmp4 n/f mutant embryos (Figs. 7A, B) . We next generated Prx1 +/À; Prx2 À/À; Msx2 lacZ as controls and Prx1À/À; Prx2À/À; Msx2 lacZ embryos to determine if lacZ was ectopically activated in the absence of Prx1/2. The Msx2 lacZ reporter that we used for this experiment contained a multimerized 52-bp core element upstream of lacZ. In the control embryos, expression of the Msx2 lacZ reporter was minimal at 11.5 dpc (Figs. 7C, E) . However, in the Prx1À/À; Prx2À/À embryos, lacZ expression was induced primarily in the caudal aspect of the mandible (Figs. 7D, F) . These data indicate that Prx1/2 can function to repress Msx2 transcription.
To determine if Prx-mediated repression could be overcome by elevated levels of Bmp4, we performed a bead implantation experiment. In the control mandible, implantation of a Bmp4-soaked bead resulted in robust expression of the Msx2 reporter showing that Prx1/2-mediated repression can be overcome by increased levels of Bmp4. In the Prx1À/À; Prx2À/À background, induction of lacZ by Bmp4 was similar to that observed in the control embryos (Figs. 7G, H) . Taken together, these data suggest that the function of Prx 1/2 genes is to weakly repress Msx2 expression in regions of low Bmp signaling. Moreover, in areas of high levels of Bmp signaling, the Prx1/2 repression is overcome and Msx2 is expressed.
Discussion
Our analysis of Bmp4-deficient mandibular processes revealed that Bmp4 provides a signal that regulates distal gene expression and maintains the Fgf8-dependent proximal mandibular genetic program. Moreover, we identified high- dose and low-dose Bmp4-responsive genes in the developing mandible. We provide evidence that Prx homeobox genes play a role in repressing Msx2 transcription, suggesting a mechanism for differential activation of Msx1 and Msx2 by Bmp signaling. Taken together, our data reveal that Bmp signaling patterns the mandibular process through dosage-dependent regulation of target genes.
Different threshold Bmp4 target genes in the developing mandibular process
Our data show that Bmp4 target genes in the distal mandible have different requirements for Bmp4 dose. In the mandible, both Msx1 and Msx2 have graded expression with the highest transcript levels found in the distal, rostral mandibular process. However, Msx1 is expressed more broadly and extends more proximally than Msx2. In 9.5 dpc Nkx2.5 cre ; Bmp4 n/f mutants, Msx2 was lost in the distal mandible while Msx1 expression was maintained in the most distal domain nearest the highest levels of Bmp signaling. We also detected residual Bmp4 LacZ expression in the distal tip of the mandibular process.
Our immunostaining data showed that the highest levels of P-Smad1/5/8 are found in the distal mandibular mesenchyme nearest the source of Bmp4 in the ectoderm. The high levels of P-Smad 1/5/8 activity in the distal mandible correspond to the region that expresses the highest levels of Msx1 and Msx2. Differential expression of Msx1 and Msx2 in the Nkx2.5 cre ; Bmp4 n/f mutants, that have lost the distal, high level of P-Smad 1/5/8, reveals that Msx2 transcriptional activity requires higher doses of activated Smad than Msx1.
Previous experiments studying a 52-bp core Bmpresponsive element in the Msx2 gene showed that Bmp induced Smad1 recruitment to the Msx2 gene, resulting in activated transcription (Brugger et al., 2004) . Moreover, a Prx binding site was shown to be in close proximity to the Smad sites. Our data, looking at the Msx2 52-bp core element in the Prx mutant embryos, revealed that Prx genes have a role in repressing Msx2 transcription in the mandible. The arrangement of Prx and Smad binding sites found in Msx2 is not present in the Msx1 gene as determined by BLAST analysis. This suggests that the Prx-mediated repression is specific for Msx2; however, further experiments are necessary to investigate this notion in more detail.
The bead implantation experiment revealed that high levels of Bmp4 can overcome repression by Prx genes. Because the previous work showed that the Prx binding site was also required to activate Msx2 expression, it is likely that other homeobox genes, functioning as transcriptional activators, compete with Prx genes for access to Msx2 (Brugger et al., 2004) . Taken together, these data suggest a model in which Prx factors bind to the Msx2 gene and repress transcription. At areas of high Bmp signaling, such as the distal mandible, Smad recruitment is robust and induction of activating homeobox genes can overcome the repression by Prx 1/2.
It should be noted that the mechanism underlying the residual Msx1 expression in the distal, caudal mandible of Nkx2.5 cre ; Bmp4 n/f mutants may involve other signaling inputs, such as Fgf signaling. In this regard, there is evidence that Msx1, but not Msx2, can respond to Fgf signaling in the mandible (Mina et al., 2002) . Furthermore, our previous observation that expression of eHand and dHand was downregulated in the mandibles of Nkx2.5 cre ; Bmp4 n/f mutants suggests that the endothelin signaling pathway was disrupted in the mutant mandible . Further experiments will be required to address the possibility that other signaling pathways cooperate with Bmp4 to specifically regulate Msx1 expression.
Our data reveal that dosage of Msx1 and Msx2 in mandibular mesenchyme has significance for mandibular morphogenesis. Reduced dosage of Msx1 in human patients resulted in selective tooth loss, primarily second premolars and third molars (Jumlongras et al., 2001; van den Boogaard et al., 2000; Vastardis et al., 1996) . Thus, although complete absence of Msx1 in mice resulted in complete absence of teeth, the human data reveal that specific teeth have different dosage requirements for Msx1 (Satokata and Maas, 1994) . Msx2 also functions in tooth morphogenesis and cooperates with Msx1 in tooth development, suggesting that these genes may coordinately regulate similar target genes in the forming tooth (Bei and Maas, 1998; Satokata et al., 2000) .
Complex regulation of Fgf8 transcription in the mandibular process by Bmp4
We show that Bmp4 delineates the proximal Fgf8 expression domain by both repressing Fgf8 distally and maintaining Fgf8 in proximal ectoderm. Evidence from Noggin bead implantation experiments suggested that during tooth morphogenesis, Bmp4 acted as a short-range signal since molars were not affected by implantation of Noggin beads (Tucker et al., 1998) . Therefore, the normal molar phenotype would develop in a ''low'' Bmp4 environment while incisor morphology would require ''high'' levels of Bmp4 signaling. In Chordin; Noggin compound mutant mice, that presumably have elevated levels of Bmp signaling throughout the mandible, expression of Fgf8 is lost (Stottmann et al., 2001) . Furthermore, in mandibular explants, Bmp4 repressed Fgf8 transcription, suggesting a more direct interaction between Bmp4 and Fgf8 expression (Stottmann et al., 2001) .
Our data extend these observations by showing that Bmp signaling also maintains Fgf8 expression in proximal ectoderm. Our findings from the Nkx2.5 cre ; Bmp4 n/f mutant embryos, that express Fgf8 only in the distal ectoderm, uncover two separate functions for regulation of Fgf8 by Bmp4. The first Bmp4 function, occurring in the proximal mandibular ectoderm, is to maintain Fgf8 expression. The proximal mandibular ectoderm, removed from the distal source of Bmp4, receives low levels of Bmp signaling. This is supported by the P-Smad 1/5/8 data that show reduced levels on immunostaining in proximal ectoderm. Further experiments will be required to determine if low-level Bmp4 acts directly to maintain Fgf8 expression in the proximal mandibular ectoderm. For example, it is plausible that lowlevel Bmp4 induces a signal relay that eventually maintains Fgf8 expression.
The dual specificity of Bmp4 as activator and repressor has been described previously in the development of the dorsal telencephalon (Monuki et al., 2001) . In that developmental field, high levels of Bmp4 inhibit Lhx2 while lower levels enhance Lhx2 expression. The mechanism underlying this observation has yet to be determined. Also, in Drosophila dorsal ectoderm, twisted gastrulation (Tsg) has dual specificity as a short-range repressor and longrange promoter of Dpp (Harland, 2001 ). This dual function of Tsg may be the result of enhanced movement of the Dpp -Tsg complex. Alternatively, there is evidence that the Tolloid protease, that cleaves chordin, modifies the ability of Tsg to enhance or suppress Bmp signaling (Larrain et al., 2001; Yu et al., 2000) .
Interestingly, in mice that are Tsg1À/À; Bmp4+/À, expression of mandibular Fgf8 is lost (Zakin and De Robertis, 2004) . These data suggest the hypothesis that Tsg1 promotes Bmp signaling to the lateral mandibular arch for maintenance of Fgf8. It will be important to investigate the mechanism for the dual specificity of Bmp4 as a repressor and activator of Fgf8 transcription in the mandibular process.
We also noted differential responses of Fgf8 target genes in the mandibular mesenchyme. In a subset of Nkx2.5 cre ; Bmp4 n/f mutants, expression of Pitx1 and Lhx6 was only partially switched from proximal to distal mandible. However, Barx1 was always reproducibly reversed from proximal to distal mandibular mesenchyme. This suggests that in some embryos, the initial expression of Fgf8 was sufficient to induce Pitx1 and Lhx6 but not Barx1 in the correct proximal mesenchymal cells. These data suggest that there are different thresholds for expression of target genes in the Fgf8 mandibular pathway.
Prx genes act as negative regulators of Bmp signaling in the mandible
In Drosophila, Brinker acts as a transcriptional repressor to limit the range of Dpp-induced gene expression in the imaginal disk (Muller et al., 2003) . There are no clear Brinker orthologues in the mouse genome; therefore, other genes, such as Prx1/2, may have been co-opted to perform similar functions in vertebrates. Our data reveal that, in amniotes, transcriptional repression mechanisms also function to limit the range of Bmp signaling.
Our findings provide firm evidence for a critical role for Prx genes as modulators of Bmp signaling. This idea has been previously suggested based on the phenotypes of lossof-function mutants in mice (Brickell, 1995; Martin et al., 1995) . Other work has shown that Prx1/2 regulates a signal that is required for Shh expression in mandibular ectoderm and is necessary for normal proliferation of mandibular mesenchyme (ten Berge et al., 2001) . We have extended these suggestions by showing that Prx1/2 can directly inhibit Bmp target genes.
It will be important to investigate the mechanism underlying the Prx1/2-induced repression of Msx2. The Prx genes, that are expressed in undifferentiated mesenchyme, may repress gene expression by occupying critical sites in tissue-specific enhancers. There is evidence that Prx1 can inhibit gene expression through competition for binding sites with other factors such as Mef2 and Maf (Cserjesi et al., 1994; Kataoka et al., 2001) . Further experiments are necessary to determine if similar mechanisms occur in the mandibular process.
